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INTRODUCTION
During the past decades, enormous progress has
been made in the unraveling of gene functions in plants.
This progress was partly based on the identification of
genes causing a particular mutant phenotype. In other
cases, descriptions of gene functions were based on
analysis of the phenotype of mutants, in which the
function of one particular gene had been disrupted
without any bias to a specific phenotype. These
approaches have been nicknamed forward genetics
(from phenotype to gene) and reverse genetics (from
gene to phenotype), respectively. Traits best amenable
to one of these approaches usually show a discrete vari-
ation, and the difference between the mutant and wild
type is limited to one gene (or more genes when muta-
tions are combined by crossing).
However, in many cases, the difference in trait val-
ues between genotypes shows continuous variation,
e.g. plant growth rate. This indicates that they are likely
to be controlled by a number of genes, and/or are sub-
jected to gene 
 
×
 
 environment interactions. The unravel-
ing of the genes controlling such polygenic traits has
only just begun. Here we will describe the usefulness
and limitations of quantitative trait locus (QTL) analy-
sis in this endeavor. Examples given will be mostly
from recent research using the model plant 
 
Arabidopsis
thaliana.
 
WHAT IS QTL ANALYSIS?
QTL analysis is based on the natural allelic variation
present within a species. This allelic variation gives rise
to smaller or larger quantitative effects on the trait
under investigation. Natural allelic variation differs
from induced variation (mutants), since the alleles
occur in natural populations and are supposed to give
selective advantage in certain conditions, or at least to
be neutral. For QTL mapping a segregating population
is required, derived from two parents. Preferably—but
not necessarily—the parents of such a population
should be divergent for the trait of interest. Since paren-
tal lines are taken from naturally occurring populations
(named accessions or ecotypes for wild species, and
cultivars, breeding lines, or landraces in crop species),
they are likely to differ for many loci. QTL analysis
implies the discovery of the association between trait
values and the allelic status of the loci of all individuals
in the segregating population. The genotype of individ-
uals (or lines) can nowadays relatively easily be deter-
mined using molecular markers. QTL analysis reveals
the genetic region(s) where a gene (or a set of closely
linked genes) is located, which have a significant quan-
titative effect on the trait, and it describes the magni-
tude of the effect. This implies that a QTL is not a gene,
but only a region on a chromosome, and hence it will
require further effort to identify the gene(s) responsible
for the variation in trait values within the QTL region.
For QTL mapping, it is very effective to use immor-
tal mapping populations. Such populations have to be
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genotyped only once, and can then be used for replicate
experiments, on the same or different traits, or be used
to analyze a particular trait under various environmen-
tal conditions, revealing possible genotype 
 
×
 
 environ-
ment interactions. Recombinant inbred lines (RILs)
and backcross inbred or introgression lines are most
frequently used. In 
 
Arabidopsis
 
, RILs populations are
obtained by repeated self-pollination and single seed
descent of F2 obtained after crossing two divergent
accessions. In this species, an increasing collection of
RIL populations is becoming available and has been
used to analyze a wide range of traits [1, 2]. The princi-
ple of QTL mapping using a RIL population is sche-
matically given in Fig. 1 [3].
The accuracy, with which a trait can be mapped,
depends on three parameters: the density of the mark-
ers, the size of the population, and the accuracy by
which one can determine the trait value (dealing with
physiological and measurement variation), which can
be described as the heritability (which part of the vari-
ation observed is due to genetic factors). The larger the
population, the larger the number of recombination
events, thus increasing the accuracy of mapping. The
number of markers has to be balanced with the size of
the population, or rather the number of recombinations.
Indefinitely increasing marker density does not help
much, since it will not result in a larger number of
recombination events. However, sufficient markers
should be put on the map to accurately reveal the
recombination sites. In 
 
Arabidopsis
 
, researchers have
used RIL populations ranging from 30 to 420 lines
averaging between 100 and 150.
FROM QTL TO GENE
Cloning genes based on the map position of mutants
(positional cloning) is very effective in 
 
Arabidopsis
 
because of the efficiency with which a segregating pop-
ulation can be analyzed and the abundance of markers
available [4]. Nowadays the mapping of a mutant down
to less than 50 kb (on average 0.2 centi-Morgan) is suf-
ficient to search for candidate genes. The ensuing DNA
sequence comparison of the candidate genes between
mutant and wild type will then reveal the precise loca-
tion of the mutations. Complementation of the mutant
phenotype after transformation of the mutant with the
wild-type allele provides final proof that the gene caus-
ing the mutation has been correctly identified. Similar
approaches have been used to clone QTLs. However,
because positional cloning is done gene-by-gene, care
has to be taken that only one segregating locus is stud-
ied at a time. This can be achieved by using so-called
near isogenic lines (NILs), containing a relatively small
introgression of one parent alleles at a QTL position
into the genetic background of the other parent (recur-
rent parent). Subsequently, a population of lines with
different recombinant events is selected by genotyping
the offspring of a cross between the NIL and the recur-
 
Parent 1 Parent 2X
F1
Recombinant
inbred lines
Quantitative trait data513451210
 
Fig. 1.
 
 Scheme showing the production of a set of recombinant inbred lines (RILs) and their use for QTL analysis.
For the sake of simplicity only one chromosome per line is shown and only six RILs are represented.
Two parental lines (accessions), indicated with black and grey chromosomes, respectively, are crossed. The resulting F1 is selfed to
generate F2 lines. RIL are generated by successive selfing of the F2 lines until homozygosity is achieved at the F8 generation or
higher. Black and grey horizontal dashed lines indicate positions and genotype of molecular markers.
In this example, the quantitative trait data as given at the bottom of the figure, indicate a QTL at the lower end of the chromosome;
the presence of alleles of parent 2 at the lowest marker is associated with a high value of the trait, whereas alleles from the other
parent result in a low trait value (from [3], with permission).
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rent parent with polymorphic markers in the QTL
region. The QTL is eventually fine-mapped by repeat-
ing this process with progeny lines that remain to show
the phenotypic effect of the QTL. The procedure is then
the same as when working with mutants as soon as the
QTL has been fine-mapped to a sufficiently small
region. Another approach is to make use of residual het-
erozygosity present at QTL in RILs, after several gen-
erations of selfing. The genetic background of the prog-
eny of such lines is a mixture of both parental acces-
sions. This so-called HIF (heterogeneous inbred
families) concept [5] is effective because it does not
require the isolation and identification of NILs and it is
an efficient way when a phenotype depends on more
than one locus from one of the parents (epistasis). By
selecting lines that are homozygous for one of these
regions but heterozygous for the other one still can
study the genes individually. Using NILs and/or HIF
will also allow the validation/confirmation of the pres-
ence and the effect of a QTL.
Accurate phenotyping QTLs with small effect and
with larger environmental influence is difficult. There-
fore, it is often more effective to select homozygous
recombinants in a genomic region surrounding the QTL
and then to analyse their phenotype in a large number
of replicates. Such procedures are also described by
Peleman et al. [6] and are commonly referred to as QTL
Isogenic Recombinant Analysis.
A complication of QTL cloning compared to posi-
tional cloning of mutants is finding the gene(s) respon-
sible for the phenotype among the candidate genes in
the region where the QTL was fine-mapped. In case of
mutants in a self-pollinating species such as 
 
Arabidop-
sis
 
, any DNA sequence difference that is detected indi-
cates that the gene has been identified. However,
between 
 
Arabidopsis
 
 accessions, polymorphisms of
sequence occur at an abundance of about one in every
350 bp [7], even in coding regions. Thus, on average
several differences will be found in each gene. Because
of this, sequence information in most cases is not infor-
mative for the detection of the QTN (Quantitative Trait
Nucleotide). However, sometimes the presence of dele-
tions [8] or mutations in known important parts of the
gene [9] are informative. Therefore, transformation
experiments are crucial to ultimately proof which
gene(s) is (are) responsible for the phenotypic differ-
ences observed between NILs or HIFs. The feasibility
of this concept in 
 
Arabidopsis
 
 has been shown by the
cloning of several QTLs affecting traits such as flower-
ing time, frost tolerance, and seed dormancy (for
review [2]).
Another resource to find candidate genes is the anal-
ysis of expression of genes in the QTL region. This can
nowadays be done routinely using available micro-
arrays or by conventional Northern blots or quantitative
RT-PCR. When the functional allelic variation results in
differences in gene expression, this may give a clear
indication of the candidate gene, to be further proven
with the approaches given above.
For the fine mapping of a QTL comprising the can-
didate genes, the following tools are currently avail-
able: expression analysis of the candidate genes, and
the search for mutants that have mutations in these
genes and exhibit the related phenotypes in the QTL
region are the tools available at the moment. Because
some tools are best developed for 
 
Arabidopsis
 
 and rice,
QTL cloning is most efficient in these two species.
Based on a literature study of 20 QTLs cloned or accu-
rately tagged in plants, it was concluded that mapping of
quantitative traits is surprisingly accurate: the genes
mapped within 2 cM of the original QTL position [10].
USE OF QTL ANALYSIS IN PHYSIOLOGICAL 
RESEARCH
In this paragraph, a few examples of the application
of QTL analysis in physiological research will be
given, focussing on 
 
Arabidopsis
 
 as a model species.
The major application of QTL analysis is the local-
ization and ultimately the identification of genes
involved in complex quantitative traits. 
 
Arabidopsis
 
 is a
long-day plant, flowering being promoted under long
day (> 12-h day length). This trait is clearly a quantita-
tive genetic trait: depending on accession and environ-
mental conditions, the timing of flowering ranges from
3 weeks after planting up to more than 9 months. QTL
analysis has revealed a large set of genes having major
or minor effects on flowering time (reviewed in [1]).
Some of the loci were known already from mutant anal-
yses, but also new ones were revealed. Two of these
genes, 
 
FRI
 
 and 
 
FLC
 
, have been cloned and extensively
studied but at the mechanistic and population genetics
levels (reviewed in [11]).
The advantage of using immortal mapping popula-
tions in QTL analysis is that an unlimited number of
traits can be studied with the same populations, possi-
bly revealing co-location of QTL position for seem-
ingly unrelated traits. Examples are the effect of 
 
FLC
 
on flowering time and circadian period length [12], and
the effect of the 
 
ERECTA
 
 locus on plant length and
water use efficiency by affecting stomatal densities [13]
and the resistance to 
 
Plectosphaerella cucumerina
 
 [14].
Plant growth, being a clear example of a polygenic trait,
has also been studied using QTL analysis, revealing co-
locations of sometimes unexpected traits [15–17].
Although such colocation might be caused by a common
underlying gene, it may also be due to different, but
closely linked genes. Therefore, fine mapping and clon-
ing QTL is required to distinguish pleiotropic effects
(a single gene affecting various traits) from the effects of
linked genes, when QTL of several traits are co-loca-
lised. Furthermore, it is helpful in confirming or disprov-
ing unexpected co-location of QTL for diverse traits.
QTL mapping has been used to unravel genes
involved in biochemical pathways. Evidently, when
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allelic variation is present in genes encoding for bio-
synthetic enzymes, analyzing enzyme activity as a
quantitative trait in a segregating population is expected
to point towards the genes encoding the enzyme under
investigation. Here, the advantage of using 
 
Arabidopsis
 
is clear: the genome has been sequenced and many
genes are (putatively) annotated. This has been shown,
e.g. for enzymes involved in the biosynthesis of glucos-
inolates [18] and for phosphoglucomutase (PGM), con-
verting glucose-1-phosphate into glucose-6-phosphate
[19]. However, QTL analysis reveals more than struc-
tural and often already annotated genes: in the study on
PGM activity, several loci were found that significantly
affected the activity of the enzyme, whereas no PGM
gene had been annotated in that chromosomal region.
This suggests that the QTL points to regulators of the
activity of the enzyme. The nature of such presumed
regulators is not directly evident from the analysis: it
might be transcription factors, allosteric affectors, or
others. For instance, in the case of anthocyanin accu-
mulation upon stress, the QTL was found to encode for
a transcription factor regulating anthocyanin biosynthe-
sis genes [9].
Figure 2 shows another example of QTL analysis of
enzyme activity: the enzyme sucrose synthase (Susy),
involved in the breakdown of sucrose by splitting it into
UDP-glucose and fructose. Susy activities were deter-
mined in seedlings of 
 
Arabidopsis
 
 of the Landsberg
erecta 
 
×
 
 Cape Verde Islands (Ler 
 
×
 
 Cvi) RIL population
using a histochemical method [20]. These methods
reveal (semi)quantitative data for tissue-specific activi-
ties, which can be used for QTL analysis [19, 21]. Sev-
eral loci were observed that affect Susy activity, some
of which were found in several, but not all, organs stud-
ied. For instance, at the lower end of chromosome 1
QTL for Susy activities were found in hypocotyl, root
neck, and lower parts of the roots (root 3), but not in the
upper regions of the roots (root 1 and root 2). Other
QTL were confined to one or a few organs, e.g., at the
top of chromosome 4, where a locus was found affect-
ing activity in one region of the root only (Fig. 2).
In 
 
Arabidopsis
 
 six Susy genes have been annotated,
partly based on sequence homologies [22]. All these
genes are located within the two-LOD intervals of var-
ious QTLs, making them likely candidates for the
observed variation. However, for various Susy QTLs,
no Susy gene has been described in the 2-LOD interval,
and hence the QTL is likely to be caused by another
gene, the identity of which has to be revealed by further
fine-mapping.
QTL analysis has also been used to link an overall
phenotypic trait with the underpinning biochemical
pathway, and the enzyme involved. Sergeeva et al. [21]
determined lengths of roots and hypocotyls of seed-
lings of the Ler 
 
×
 
 Cvi RIL population [23]. For both
traits, several QTLs were detected. Using the same pop-
ulation, the activities of soluble and cell-wall-bound
invertase were determined. It appeared that a locus that
had a major effect on the root length, also affected the
soluble (vacuolar) invertase activity, especially in the
lower parts of the roots. This locus did not affect hypo-
cotyl length. Since the region contained an annotated
invertase gene, this gene was an obvious candidate.
Further fine-mapping and the use of a knock-out mutant
for this gene confirmed its role in root elongation.
 
Fig. 2.
 
 Genetic map of 
 
Arabidopsis
 
 showing QTLs for activities of sucrose synthase, as calculated from histochemical assays, for
various organs of seedlings.
Seven-day old seedlings were stained for Susy activity according to Sergeeva et al. [20]. Lengths of the arrows indicate the two-
LOD intervals, and directions of the arrows indicate the allelic effects; upward: Ler alleles increase, downward: Cvi alleles increase
trait values. Black arrows indicate QTL with significance > 95%; gray arrows indicated QTL with significance > 90%. Horizontal
arrows indicate the approximate positions of annotated Susy genes.
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The power of detecting QTLs for multiple traits has
recently been demonstrated in a study combining large-
scale untargeted metabolomics and QTL analysis:
using LC/MS, Keurentjes et al. [24] determined the lev-
els of over 1000 metabolites in all lines of a RIL popu-
lation. For over 75% of these metabolites one or more
loci could be detected, significantly affecting their
level. It was shown that correlations between QTLs for
various metabolites could reveal relevant information
on identity, and also on biochemical pathways. Similar
“-omic” approaches are now be tested for genome-wide
gene expression patterns and protein levels.
TRANSLATION FROM MODEL TO CROP
Based on the common molecular basis of many pro-
cesses in plants, it is now becoming more obvious that
many genes, for which the function is discovered in
 
Arabidopsis
 
, also underlie the genetic variation that is
exploited by plant breeders in crop plants. However, in
more distantly related species, similar processes may
just as well be regulated by unrelated genes. The best
known example is flowering time where QTL cloning
in rice revealed a number of genes that previously had
been shown to control flowering time in 
 
Arabidopsis
 
,
where this was based on mutant analysis [25]. How-
ever, the two major genes controlling flowering time
variation in nature in 
 
Arabidopsis
 
, which are 
 
FRI
 
 and
 
FLC
 
 are not found in monocots. In wheat, in which
genes based on phenotype and physiology, were pre-
dicted to be similar to 
 
FLC
 
, another regulatory gene
was found [26]. For the major determinant of the day
length response in barley, a gene was found that was not
identified as a major player in 
 
Arabidopsis
 
 and rice
[27], although the process in which the gene was
involved (circadian rhythm) was known from 
 
Arabi-
dopsis
 
 research. However, especially when dicot spe-
cies are compared, many examples of similar genes
controlling similar processes have been described.
Another possibility for exploitation of the vast
amount research done on 
 
Arabidopsis
 
 and the availabil-
ity of its genome sequence is to make use of synteny
between genomes. With the complete genome sequence
of rice now available, it has become clear that there are
reasonably sized blocks of highly conserved synteny
between this grass and 
 
Arabidopsis
 
.
The level of synteny can be much higher between
more related species. For instance, highly conserved
genetic synteny has been reported up to the multi mega-
base scale between 
 
Arabidopsis
 
 and other members of
the Brassicaceae [28, 29]. The 
 
FLC
 
 gene, a major reg-
ulator of flowering in 
 
Arabidopsis
 
, has been found to be
central in the vernalization response in 
 
Brassica napus
 
[30, 31] demonstrating the feasibility of comparative
genetics.
To conclude, QTL mapping is a powerful technique
to unravel genes involved in complex polygenic traits.
The genetic resources available in
 
 Arabidopsis
 
, and
also in rice, allow rapid progress in these species, and
translation of knowledge to other species has been
shown to be feasible. QTL analysis may also be useful
to provide markers for marker-assisted breeding, espe-
cially when the gene of interest is known: markers
maybe developed in the gene of interest allowing accu-
rate and rapid selection of superior genotypes.
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